INTRODUCTION
In electrochemical machining, metals are dissolved anodically at 2 current densities in the order of 100 A/em or higher. Hydrogen gas is formed cathodically and must be transported away from the reaction zone by the electrolyt~ stream. This hydroge~ may affect the electrolytic process in several ways: It may increase the ohmic resistance of the electrolyte, resulting in higher cell voltage and different local current distribution. It may be oxidized at the anode and thus, decrease the current efficiency of the metal dissolution process. It may form a continuous gas blanket at the cathode and thus, lead to sparking. It may accumulate in large bubbles, which extend over the entire inter-electrode gap, and thus, drastically affect mass transfer conditions at the anode. In order to obtain a better understanding of the relative importance of such phenomena, a photographic study of cathodically generated gas bubbles was initiated. During the course of this pursuit, somewhat related work has appeared in the literature. 1 • 2 In the present investigation, a more sophisticated optical arrangement has been employed and a better control and wider range of critical variables, such as current density and flow velocity havebeen e~ployed in addition to the use of a well-defined flow system. l)
EXPERIMENTAL TECHNIQUE
~
The apparatus used has been described b~fore. is to avoid variations in the apparent size of bubbles due to differing distances from the objective and to increase the depth of field. Unfortu-! nately,tl;le telecentric stop also reducesjthe speed and ·resolution of the objective, the latter being about 20 ~· In order to obtain a photographic distinction between the electrode surface and an adjacent, dense layer of gas bubbles, a pre-exposure in the absence of bubbles was made at reduced light intensity. In a typical experimental run,constant current was applied to the cell for a short period of time by switching the output of a constant current supply* from a dummy circuit to the cell circuit. A mercury relay, actuated by a pulse generator, was used for the switching.
The circuit also served to trigger the flash light source after a pre-set 2 time,which was chosen to correspond to the passage of 12 coulomb/em .
The current was switched back to the dummy load automatically after the -6- UCRL-19064 shows that the orientation of the cathode, i.e. whether it is facing up or down, bas no systematic effect on size distribution, except at the lowest flow rate. the rate of stirring is increased when more gas is generated, higher current densities may lead to an earlier detachment of gas bubbles.
In our experiments, on the other hand, local stirring was mainly due to the hydrodynamic flow and was, therefore, almost independent of current density. A decrease, rather than an increase, in bubble size with increasing current density would also be expected from the work of
Kabanov and Frumkin.
6 They showed that the contact angle, which 
where g = gravitational constant, p = difference in density of gas and liquid, d = bubble diameter, n = viscosity of liquid. Assuming an electrolyte flow velocity of 400 em/sec and a bubble diameter of 50~, the vertical distance traveled by the bubble due to gravity during the time needed to pass over a 3 mm long electrode is only 1.2~. (Fig. 3) . It is interesting to note, however, that the averag·e thickness seems to increase little dmmstream from the middle of the cathode. If turbulent n1ixing were the only mechanism determining the spreading of the two-phase region, we would rather expect a steady increase of its average thickness iri the flow direction·. It j,s, therefore, pos.sible that other mechanisms contribute to the dispersion of gas bubbles. An example is the "rapid fire mechanism" mentioned by Glas and Westwater, 8 who observed that in stagnant solution, bubbles were frequently ejected from the electrode at a high velocity. This phenomenon is, at present, not well understood. The relatively smaller increase of the two-phase region in the downstream part might also be ascribed to a lower current density in this region, caused by the higher gas fraction and the associated higher ohmic resistance in the electrolyte. Dissolution of gas in the electrolyte furnishes ~nother possible explanation for the same phenomenon. Indeed, a simple estimation shoFs th:~t, under most conditjons, all the gas generated could be dissolved in em/sec between the electrodes (3 x 10 sec). The redissolution of gas is, therefore, too slow to produce a homogeneous gas solution between the electrodes or even to measurably affect the diameter of bubbles in our photographs.
* Since the relative motion between bubble and solution is not known, the mass transfer coefficient k has to be assumed arbitrarily. The value chosen is a maximum guess. It corresponds to the figure estimated for the 3 electrode-solution interface at the highest flow' rates employed. the solubility of hydrogen is about the same in both electrolytes, the observed.difference must be due to other than differences in solubility.
For example, the same amount of hydrogen could appear to be smaller in nitrate solutions due to a more finely dispersed form. A more likely explanation is that, due to the reduction of nitrate at the cathode, only part of the current is used for hydrogen evolution. In the present flow apparatus, the total amount of evolved hydrogen could not be determined, but some experiments were performed in stagnant solutions of KN0 3 and KCl at 5 A/cm 2 . They confirmed that a much smaller volume of hydrogen was produced in nitrate than in chloride solution. A more quantitative investigation of cathodic reactions in nitrate solutions has been initiated. The effect of different electrolytes on the amount of cathodically formed gas was further investigated by use of chlorate and sulfate solutions. Both, photographs taken in the flow system and volumetric measurements in stagnant solutions, indicated that, within the experimental accuracy, the same amount of gas was generated in these electrolytes as in the chloride solution.
Potential measurements under high current density conditions are dominated by large ohmic drops in the electrolyte between the working electrode and the tip of the reference electrode capillary. 3 The apparent cathode potentials, thus determined at constant current density,
provide an indirect measure of electrolyte conductivity and, consequently, gas volume fraction. Apparent cathode potential measurements are given in Fig. 9 . It can be seen that a rapid increase of potential with decreasing flow rate, indicating the presence of a substantial volume fraction of gas in the electrode gap, occurs at a higher[flow rate in chloride than in nitrate solutions. This shift is consistent with the evolution of a larger gas volume in the first electrolyte.
DISCUSSION Ohmic Resistance
Since one of the purposes of this study was to define the effect of cathodically generated gas on the electrolyte resistance, the question remains, under which conditions this effect is significant. For the con- duction in nitrate, due to the smailer gas volume). Of particular interest are the usually well behaved periodic oscillations which originate at the anode (as indicated by the apparent anode potential eA in Fig. 12c ) in chlorate solution. The frequency of these oscillations depended primarily on current density and was only slightly affected by changes in flow rate.
Typical frequencies were 130 and 300 cps at 50 and 100 A/cm 2 , respectively.
The voltage fluctuations which originate at the cathode were irregular. Their Similar, but less pronounced shedding of solid reaction products has been observed in sulfate and nitrate solutions.
The photographic pictures obtained in this study also demonstrate that, under the conditions of a previous investigation of anodic phenomena, 3
gas bubbles vTere usually confined to the vicinity of the cathode. In view of the low solubility of hydrogen gas, it can be concluded that any fraction of the total anodic current possibly used for the oxidation of hydrogen has been negligible. The distribution of gas bubbles in the inter-electrode gap gave no indication of the occurrence of plug flow phenomena, which could drastically affect mass transfer at the anode.
SUMMARY M~D CONCLUSIONS
The present study was aimed at providing visual information on cathodic gas evolution during high rate metal dissolution, in order to determiQe the importance of cathodic phenomena on ohmic electrolyte ·resistance, anode reactions and sparking. Qualitative rather than quantitative conclusions can be drawn from the results:
1.
The size of cathodically generated gas bubbles depends on current density as well as flow rate. At flow rates above 400 em/sec, only very small bubbles (few microns diameter)
were generated and immediately removed by the electrolyte stream.
2.
A substantially smaller gas evolution in nitrate than in 4. No_plug flow phenomena seem to have been induced by the gas evolution under the conditions employed in the present study.
5.
The influence of cathodic gas evolution on anodic processes such as mass transfer and current efficiency was usually very small.
6.
At insufficient flow rates, strong fluctuations in cell voltages were observed, which coincided with the formation of gas patches at the cathode and which eventually led to electric breakdown. The effect was more pronounced in chloride than in nitrate solutions, in agreement with thi fact that less gas was generated in the latter solutions under otherwise identical conditions.
'(.
In the absence of a theorcU.ca.l model describing even the mo.st simple sint;lE~ l>ubble dynamics in a flow field, additional experimental observations are needed to gain even a qualitative -18- UCRL-19061~ insight into the factors which determine grouth, detachment and dispersion of gas bclJbles generated at high current densities and electrolyte flow rates in narrow gaps.
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